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Application-speci ¢ validation of antibodies is a critichprerequisite for their successful
use. Here we introduce an automated framework for charactération and screening
of antibodies against synaptic molecules for high-resolitin immuno uorescence array
tomography (AT). The proposed Synaptic Antibody Charactération Tool (SACT) is
designed to provide an automatic, robust, exible, and efdent tool for antibody
characterization at scale. SACT automatically detects pwita of immuno uorescence

labeling from candidate antibodies and determines whethea punctum belongs to a

synapse. The molecular composition and size of the target syapses expected to contain

the antigen is determined by the user, based on biological kmwledge. Operationally, the
presence of a synapse is de ned by the colocalization or adjeency of the candidate

antibody punctum to one or more reference antibody puncta. e outputs of SACT
are automatically computed measurements such as target syapse density and target
speci city ratio that re ect the sensitivity and speci city of immunolabeling with a given
candidate antibody. These measurements provide an objeaté way to characterize and
compare the performance of different antibodies against th same target, and can be
used to objectively select the antibodies best suited for ATand potentially for other
immunolabeling applications.

Keywords: synapse, antibodies, array tomography, synapse d
algorithms, antibody characterization

etection, proteometric composition, automatic

1. INTRODUCTION

Antibodies are an indispensable tool for the modern biologigteir high-a nity binding to

speci c target molecules makes it possible to detect, isoktd, manipulate the function of
these molecules. A staggering number of antibodies ardasl@ito the research community,
as are many options to make new antibodies. However, sincibaies are biological tools
employed in complex systems, they can be very di cult to evaduand to use in a predictable
and reproducible way. A large volume of misleading data has Ipeblished based on results
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from antibodies that did not perform as assumeéin(lerson
and Grant, 2006; Rhodes and Trimmer, 2006; Baker, Y015 De nitions
Recognizing this problem, there has been substantial progressC didate Antibody —Antibody bein tested for the ani intorest
in optimizing antibody production and validation Nilsson andicate Antibody —Anfibody being tested forfhe antigen otinterest
) . . Reference Antibody —A previously validated antibody for an antigen

et _al., 2005; _Gong et aI.,_ 2015he |mportanc_e of eStab“Shmg known to colocalize with or lie adjacent to the candidate aribody's antigen
reliable practices for antibody use is now widely accepted, an of interest.
many companies are adopting transparent practices for rigoroys Colocalization —When two or more antibody puncta occupy the same
antibody validation Fritschy et al.. 1998: Uhlen et al. 2@.16 physical space, as shown in Box B. This is often the case when dith
Th f N tibodi h ' . licati ' . antibodies have presynaptic targets, or both have postsyngtic targets.

e_per ormance or anubodies, OWQVGI’, IS application-speci Adjacency —When two or more antibody puncta are physically next to each
(Lorincz and Nusser, 2098and the reliable performance of an | other in 3D space, as shown in Box A. This may be the case when @
antibody in one application does not guarantee its suitabilit| antibody has a presynaptic target and the other a postsynajit target.
for another application. For examp|e’ an antibody that yields 7 Punctum —A small blob of signal de ned in 2D or 3D space resulting from
single band on an immunoblot analysis of a tissue homogenate |mag|ng an ant!body applleq on atissue. In Box A, one punctunsithe green

holly unsatisfactory for immunohistochemistny o gircle, another Is the biue triangle.

may. prove wno y unsa y . "y_ Target synapse —A synapse that contains the candidate antibody target,
sections of xed tissue. Moreover, the same antibody thétigie based on biological knowledge. Operationally, the presere of a synapse is
a robust and speci c signal in immunohistochemical labeling de ned by the adjacency (Box A) or colocalization (Box B) of thcandidate
of tissue sections prepared under one set of conditions may antibody punctum to one or more reference antibody puncta. Bx C is an
yield a weak or noisy signal on comparable samples preparedzzarzgf'fir‘:vnhzg:aept;’f puncta are neither adjacent nor colodize, and thus
under di erent conditions F'tltS_Chy et al., ]_-99_8;_ FUKaya and Target speci city ratio —The proportion of candidate antibody puncta that
Watanabe, 20Q0 Therefore, it is up to the individual user to | lie at target synapses.

validate antibodies for other applications and condition§isT

task is especially crucial for applications whose chemistergli
substantially from standard immunoblots. A ‘
Array tomography (AT) is a technique that involves
immunolabeling and imaging of serial arrays of ultrathin Box A Box B Box C
( 70 nm) plastic-embedded tissue slices of aldehyde- xed

' ) . ) . The circle and triangle represent different imaged
tissue MICheva and Smlth* 2007; Micheva et al" 3)10 antibody puncta detected by two different antibodies.

While embedding tissue in resin has multiple advantages, the

embedding process requires tissue dehydration, in ltratio

plastic resin, and subsequent resin polymerization, all ofttvh

can modify the protein structure and chemical state and thugf protein diversity, so many synapses may completely lack a

have a major impact on its immunoreactivity. Identifying particular synaptic protein. Adding to the uncertainty, other

antibodies that yield robust and specic immunolabeling ofsources of uorescence can confuse the interpretation of the

target proteins in plastic sections is a daunting task. AT is @nages. These sources of “noise” include signal arising from

high-resolution/high-throughput tool well-suited for thetudy  auto uorescent tissue constituents such as lipofuscin glesu

of synapses in the mammalian brain; unfortunately, ndingblood cells, contamination, and defects such as tissues fold

antibodies that selectively label synapses presents auflitio created during sample processirgiqure 1). The trained eye of

challenges, due to their small size, high density, and dveraan expert can usually discern the di erent uorescence sosrce

neurochemical complexity and diversity. and pick out the speci ¢ immunolabel, but this is a subjectine a
The primary criterion for evaluating antibody performance non-quantitative assessment. Furthermore, it can be ety

for immunohistochemistry is determining whether the laibgl  time consuming, especially when examining a large number of

pattern is consistent with the known tissue characterisbfs antibodies against the same antigen, as may be requiredgluri

its target protein. For an antibody against a synaptic proteinantibody production Gong et al., 2006

the immunolabeling must be localized at synapses. Though Accordingly, there is an urgent need for an e cient and

conceptually straightforward, the practical evaluation bist robust framework for evaluation of synaptic antibodies. ejave

criterion is di cult and often involves a number of subjest  introduce the Synaptic Antibody Characterization Tool (SBC

and time-consuming decisions. A synapse can be unambiguoushhich provides automatic and quantitative measurementsef t

identi ed via electron microscopy, but this approach is too &m  intensity and speci city ofimmunolabel and enables the atijee

consuming and expensive to be practical for large scal&@@0  characterization and comparison of multiple synaptic antibsdie

antibodies against a target protein) antibody screenintsié®  for AT at scale. Because the terms used in this paper are speci ¢

more e cient strategy is to double label the same sample witho the domain, see the "De nitions' box for further explareati

another antibody already known to localize at synapses, and

measure colocalizatiomMicheva et al., 2010; Weiler et al., 2014 2. METHODS

While e ective, this method presents a number of challenges.

Synaptic proteins are typically expressed in high concenmatio 2.1. Overview

at synapses; however, these proteins are also present at otfibe proposed Synaptic Antibody Characterization Tool (SACT)

subcellular locations. Furthermore, synapses display a big#l | was developed for the quantitative assessment of antibodies
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Biological distribution of a synaptic marker Immunofluorescence detection of a synaptic marker
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FIGURE 1 | Challenges in evaluating synaptic antibodied.eft: Synaptic proteins are found not only at synapses, but also utside of synapses at sites of synthesis
and transport; many synaptic proteins also lie in other subalular compartments re ecting other functions (such as trascriptional regulators) Right :

Immuno uorescence detection of synaptic proteins is confourded by nonspeci ¢ binding of antibodies, low ef ciency of target protein detection, uorescent
contaminants such as dust particles, and tissue auto uoresence (e.g., lipofuscin granules and blood cells).

against synaptic targets used for AT. It automatically dstecon at least 3 consecutive sections, the images were aligteed in
puncta of immuno uorescence labeling from candidatestacks Figure 3), and the performance of the tested antibody
antibodies and computes their density, size and size vditiabi was assessed using SACT.
SACT then determines whether a punctum belongs to a target Importantly, SACT is applicable to a variety of synaptic
synapse or not, by using the previously described probalilistiantigens with very dierent distributions, because the user
synapse detectois{(mhal et al., 20)7The presence of a target de nes the expected molecular composition and size of synapses
synapse is de ned by the colocalization or adjacency of thevhere the antigen is present. Furthermore, the algorithm
candidate antibody punctum to one or more reference antibodgan be applied to new datasets without creating extensive
puncta. This allows the output of two additional measuresmanual annotations for each synapse subtype, unlike trawitio
density of target synapses, that is the synapses containieassi ers such as support vector machines and deep learning
candidate antibody puncta, and target speci city ratio, whic used by other synapse detection algorithmBsigse and Smith,
is the fraction of candidate antibody puncta that are at the2013; Kreshuk et al., 2014; Collman et al., 2015; Bass 2047,
target synapses. These measurements provide an objective iriaytuzzo et al., 20).7
to characterize the sensitivity and specicity of a cand@at
antibody and to compare its performance to other antibodies?.2. Punctum Detection
The approach is outlined irFigure 2 We should note that Immunolabeling for synaptic proteins appears as small blobs or
SACT is a framework; additional measurements can be addefluncta;” typically less than 1 m diameter. Because synaptic
and adapted as needed depending on the desired antibo@yructures are generally larger than the typical thicknesthef
characterization features. individual sections used in our datasets (70 nm), the puncta
The data used for validating SACT were derivedcorresponding to proteins that are abundant throughout the
from serial sections of plastic-embedded tissue that wasresynaptic or postsynaptic side span several sections and thus
immuno uorescently labeled with a candidate antibodyform three-dimensional puncta.
alongside one or more reference antibodies, chosen depgndin The punctum detection methodF{gure 4) is a special case
on the antigen. “Candidate antibody” refers to the antibodyof the synapse detection method and is adapted from it. It
whose performance is being evaluated, and “Reference agtibochrovides a way to take the input raw IF images from the
refers to an antibody previously validated for AT that marks amicroscope and output segmented 3D puncta, without having
synaptic protein expected to colocalize with or be adjacertt¢o t to set a threshold unique to every imaging session. The input
target of the candidate antibody. The colocalization omadncy s the volumetric image data and a user-de ned query which
of these two (or more) markers indicates the presence of @targincludes the minimum expected 3D punctum size. Requiring
synapse with high probability. The selected area was imagedminimum 3D size minimizes the impact of random specks
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FIGURE 2 | Pipeline of the Synaptic Antibody Characterization Tool f8CT). SACT combines a probabilistic punctum detector (topaw) with a probabilistic synapse
detector (Simhal et al., 2017 to determine the properties of the candidate antibody.

A Target Antigen: Gephyrin (o]

(b)

(@ '
@
@

(©

Gephyrin Candidate Antibody
GAD Reference Antibody
DAPI Nuclear Stain z=0 z=1 z=2 z=3

B Target Antigen: Bassoon D

(b)

o[ @
L _J
O e
O “ =3 ‘
e "
Bassoon Candidate Antibody .

PSD-95 Reference Antibody ’ .

(c)
VGIuT1 Reference Antibody
DAPI Nuclear Stain z=0 z=1 z2=2 z=3

FIGURE 3 | Schematic diagram of input datasets.(A) The target protein, gephyrin, is a postsynaptic protein ahhibitory synapses, expected to be adjacent to GAD, a
presynaptic protein abundant at inhibitory synapses. Theet of squares represents a stack of images from serial ultrhin sections from mouse neocortex, double
labeled with a gephyrin candidate antibody (brown dots) and previously validated antibody against GAD (red dots). THarge blue blobs represent DAPI, a marker for|
cell nuclei.(B) Identical setup, but with Bassoon (a presynaptic protein prgent in excitatory synapses) as the target protein. In this emple, the tissue is labeled with
two reference antibodies to excitatory synapses, the presyaptic protein VGIuT1 (purple dots) and the postsynaptic jptein PSD-95 (red dots).(C) Different
combinations of puncta are detected on sections£ D 0 to z D 3) through a synapse. The candidate and the reference antilaty can be present alongside each other
on the same section (a), they can lie adjacent in the z-direicin (b), or they can be adjacent both in the same section and aoss multiple sections (c)(D) Identical
setup as C with two reference antibodies depicted.

of noise generated during the image acquisition process arekpressed at a synapse (e.g., synapsin) should be detectssl acro
ensures that the immunolabeling is appropriately expressechultiple slices at the current working resolution. Theredpthe
across slices. For instance, a target protein that is abuhdan presence of a punctum in only one slice likely indicates random
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FIGURE 4 | Automated punctum detection pipeline. This example illusates the pipeline for antibody characterization. Each paessed image shows the
blobs/regions which have met criteria for being a punctum, ad each successive panel adds a new requirement; the number dflobs considered as puncta
decreases accordingly. In the nal thresholded image, the blbs shown have met the requirement of spanning 3 slices and areentered on the slice shown. Other
blobs which may appear “missing” are centered either on thelie before or after. The rst box shows raw single-label immmno uorescence from a single slice. The
second box is the output of a “foreground probability” step;the intensity value of each pixel encodes the probability Belongs to the foreground. The third box is the
output of a “2D Punctum Probability” step (each pixel codinghe probability that it belongs to a 2D blob). Pixels in the #tbox display the probability that a voxel
belongs to a blob which spans a minimum number of slices. The &l thresholded image is shown below. The threshold is estalshed by visual observation; for this
work, the threshold was set to 0.9 for the entire project. Redscale bars represent5 m.

noise, nonspeci c labeling or uorescent contaminant. Oreth pipeline. The initial panel shows a random slice / region of IF
other hand, there is little reason to assume that less abuindadata. Each progressive panel shows a new requirement added,
target proteins or those present at isolated nanodomainsiwith thus the number of “puncta” decrease accordingly. The lasepan
synapses (e.g., many receptors or ion channels) need to spanFigure 4 shows the blobs/regions that have met the criteria
multiple slices through a synapse. necessary for being a punctum; not every blob shown in the rst
The probabilistic punctum detection algorithm involves thre panel meets those requirements.
main steps. The rst step transforms the data from the input raw
IF images to a probability space. To do so, we create a Gaussidn3. Synapse Detection
model for the background noise (other distribution modelsica Characterizing synaptic antibodies for AT immunolabelinfy o
be used as well) by assuming the entire input channel to besnoidbrain sections requires detecting synapses. Over the past few
and the signal itself to be an outlier. For the Gaussian mosel, years, several synapse detection methods have been presented
use the input data's mean intensity value and standard dieviat that use traditional machine learning paradigms for detewti
of the intensity values. The probability of a pixel belonging t (Busse and Smith, 2013; Kreshuk et al., 2014; Collman et al.,
the foreground is one minus the probability of belonging t@th 2015; Bass et al., 2017; Fantuzzo et al., )20While they
background. Next, we compute the probability that each pixeperform well, each requires the user to supply manually-labeled
belongs to a 2D punctum. To do so, we multiply the probabilitysynapse annotations for training—an often impractical and
values in a region de ned by the user—the minimum expectededious requirement for antibody validation, for which maad
2D blob size. Usually, this is 0.20.2 m, which corresponds to annotations would have to be created for each antibody. The
two pixels by two pixels. Then, we see if these 2D puncta exiptobabilistic synapse detection method introduced Smmhal
in consecutive z slices. The number of expected slices is part &t al. (2017does not require training data for synapse detection,
the user-de ned minimum punctum size and is usually 0.4, making it an ideal synapse detector to use for antibody
which corresponds to two slices. This minimum punctum sizecharacterization. This approach extends the probabilisticatan
criteria reduces the e ect of random noise. The output of thisdetection method to look for colocalization or adjacencivmen
third step is a probability map, where the values at each pixel apuncta from di erent synaptic proteins. For colocalization, the
the probability it belongs to a 3D punctum. method looks for signal in a two by two pixel window. For
This probability map is thresholded to segment out 3D punctaadjacency, the method looks for blobs in a six by six pixel wind
detections. The threshold is established by manual observa The algorithm takes as input the immuno uorscence data from
(calibrated, if needed, with a small region of the data). Thehe candidate and reference antibodies and the expectedttarg
threshold was set to 0.9 for all the datasets in this projecsynapse size (together referred to as the “query”) and outputs
Figure 4shows the output of each step in this punctum detectiorna probability map, where the value of each voxel represents the
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probability that it belongs to a synapse. This output can bavhere the value at every voxel is the probability it belonga to
thresholded to obtain the putative 3D synapse detections (s& punctum, are computed as described in the previous section,
Simhal et al., 201for a detailed discussion). This algorithm is and then thresholded The process is outlined iffigure 4 A
very exible; as detailed below, the queries can be adapted tensity value of 0 indicates no puncta were found. The units (i
di erent data characteristics and analysis goals, furtleeidering  this work) are in puncta per cubic micrometer. The 3D punctum
it appropriate for antibody validation. density is then calculated:

Generally, at least two known synaptic markers are required
to unequivocally detect a synapse; therefore, some of the 3p pynctum DensityD Number of Detected 3D Puncta
datasets contain two reference antibodies for synapse ta®iec Total Volume
(Figure§ 3B,.I:).. prever, when .sprgening multiple candidate2_4_2_ Average Punctum Volume
antibodies, it is important to minimize t.he t|m_e and COSt_Of After segmenting the immunolabeling data, the averagemelu
the_ screen. When_ performed W'th caution using approprlateof puncta and the standard deviation of the punctum volume
antibody comt_)lnatlons, even a single prle-valldated antjbod re calculated. If the average punctum size is smaller oetarg
can generate interpretable synapse-specic data. For examp

. . . ) ; - fian expected, it may indicate a lack of e cacy or speci city fo
if the target protein for which an antibody is being evaluateoHmmunolabeling with that antibody. If the standard devati

is localized at the postsynaptic sites of inhibitory Synapsegg punctum volume is large, it may indicate erratic labeling.

as is tr;ﬁ case with glggi)hyrinlsigerllgh apd Kim., hzom?lq Either way, it is important to quantify the size distribution
reasonable strategy would be to label the tissue with aibadyi when comparing multiple candidate antibodies for the same

against gIL_jtamic acid dec_arboxy_lase (GAD), a pr_otgin_ k.nowri'arget. Figure 5 shows an example of an antibody displaying
to be specic to presynaptlc_termlnals .Of G_ABAerg|c |nh|b|torya very large standard deviation, making it unlikely that the
synapses for which well-validated antibodies have alreaey b candidate antibody on the left will serve as a satisfactoayker

identi ed. The cqrr'esppnding (I]ul()er)ll' Wo:fld thenhbg to I00(|)k for for inhibitory (collybistin-positive) synapses. We could coute
synapses containing immunolabeling for gephyrin an GADfuzzy volumes if we prefer to work with the probability maps

(Figu_res 3A.Q. .lf the target protein of interes_,t is in;tead instead of the thresholded data. In this work, the valuesiare
localized to excitatory synapses, the query may include p®te E)ixels
n

speci ¢ to excitatory synapses such as the postsynaptic prote
PSD-95 (postsynaptic density 95) or the presynaptic proteiR.4.3. Target Synapse Density
VGIUT1 (vesicular glutamate transporter 1). This exibjlit When evaluating a synaptic antibody, it is essential to can r

makes this framework ideal for antibody characterization. that the immunolabeling localizes at the expected population
of target synapses. Target synapses are operationally deyed b
2.4. SACT Measurements the relationship between two or more synaptic protein markers

In order to evaluate an antibody, a series of measurementhis de nition includes the size (in three dimensions) of hac
are computed; each measurement captures an aspect of timelividual synaptic marker and a de ned relationship (adiat
antibody's performance that would be sought by an experbr colocalized) between the markers. Thus, the proposed SACT
observer when manually interacting with the data. Each ofhcorporates a probabilistic synapse detector, the thresubld
these measurements provides unbiased quantitative infdoma output of which is the number of synapses detected with the
to help evaluate the intensity, specicity and sensitivity o candidate antibody. The target synapse density of a givemlu
immunolabeling obtained with a given antibody. These inigu is computed as

the density of puncta, and the average punctum volume and

standard devi'ation for each antibody, as well as the target arget Synapse Density Number of Detected Synapses
synapse density (number of detected target synapses betpngin Total Volume

to the speci ed subclass per volume), and target speci citiorat
(the ratio of detected synapses to detected candidate atibo
puncta). These measures provide the user a useful quandétati
assessment of the data.

This measure is useful for evaluating antibodies againgeta
with a known distribution at synapses, where the density
bt synapses containing the target protein can be estimated.
For example, ubiquitous markers of inhibitory synapses like
2.4.1. Detected Density of Puncta gephyrin should be present at the large majqrity of _inh.ibitory
The density of the 3D puncta detected re ects the biologica?ynapses’ and should therefore have a synaptic density in roden
neocortex on the order of 0.15 synapses per (Knott et al.,

g][ot;;]eertlte; %ft thfotg?suien (tl.heé’ tggsu:blsjtz %?Qg)e :Zdvf;ﬁtr;h’;t;ﬁ 2009. A computed target synapse density substantially lower
get p ’ %han expected may indicate low sensitivity of the antibody

intensity and speci city of the immunolabeling with a given . : . . .
. . LY and/or insu cient concentration, while a target synapse densi
antibody at the concentration used. If the labeling is unextedly : . .
considerably above that expected likely re ects nonspeci c (0 -

sparse, it suggests that the antibody is insensitive or tgali o . . .
diluted. If it is unexpectedly dense, it may indicate that thetarget) binding of the antibody. In this work, the units used:a

ar?tlbOdy IS .I‘IOI‘ISDECI CHOI’ bIn"dS to many nqn—synaptlc _SlteSh;uc 1The threshold could be avoided by changing the formula to be the sfithe
mitochondria or other “sticky” subcellular sites. To deténe the  ponaiities instead of the thresholded number of 3D puncta. Thiglias to the
number of puncta detected in each channel, probability mapsther measurements described next as well.
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FIGURE 5 | Example of erratic labelingLeft: Immunolabeling for collybistin (associated with GABAergisynapses) on a raw IF slice; note the very broad distribution
of sizes for puncta. Clusters of immuno uorescent label are dtected as one large punctum; for antibodies that give suchabeling pattern, the average punctum size
will be large and with a large size varianceRight: Relatively “normal” pattern of immunolabeling on a raw IF s&, using a different collybistin candidate antibody. This
difference is automatically quanti ed by computing the aveage three dimensional punctum size and size variance. The age on the left has an average punctum size
of 124 pixels and standard deviation of 1,350. The image of #right has an average punctum size of 10 pixels and standardeViation of 89 pixels. Each red scale bar
is5 m.

synapses per cubic micrometer. Note, the data is not threstibld 3. MATERIALS
until after searching for adjacency between puncta from darer
channels. The threshold for segmenting the resulting prdtgab 3.1. Datasets
maps was set to 0.9 and was held constant for every (—:Axperime:me daFaset_s presented here were created from adult_ mouse
in the paper. nepcortlcal tissue that was prepared, immunolabeled, andé&da
using standard methods of ATMicheva et al., 2010; Collman
et al., 201p We used adult (3 to 4 months old) C57BI/6J mice
2.4.4. Target Speci city Ratio of both sexes for these experiments. Briey, the tissue was
The target specicity ratio (TSR) represents the fraction ofchemically xed using 4% paraformaldehyde in PBS, embedded
immuno uorescent puncta of the candidate antibody that arein LR White resin, and cut into serial ultrathin sections (70
associated with a target synapse, detected as explained @aB&ve nm) that were mounted onto coverslips. One of the datasets
is computed as from the automated ranking of the candidate monoclonal
antibodies experiments (IRSp53) used tissue prepared in a
di erent way: chemical xation with 2% paraformaldehyde
Number of Detected Synapses and 2% gluaraldehyde in PBS, followed by freeze-substituti
Number of Detected 3D Puncta and embedding in Lowicryl HM20 Gollman et al., 2015
The sections were labeled with indirect immuno uorescence
using Alexa conjugated secondary antibodies (highly eross
Thus, the target speci city ratio is a measure of how manyadsorbed goat secondary antibodies against the relevaciespe
times the candidate antibody being evaluated colocalizés w conjugated to Alexa 488, 594 or 647). Only Alexa 488 and 594
or is adjacent to the reference antibody compared to how manyvere used for the candidate primary antibodies. The di erence
times it does not colocalize or lie adjacent with the refeeen in the theoretical lateral resolution of these two secogdar
antibody. TSR values range from 1 (every punctum detecte@ntibodies calculated using Abbe's equation is 33 nm, whah
has an associated detected synapse) to 0 (no detected punctlitiie in uence on our analysis for which the search area for
has an associated detected synapse); the higher the TSR, @aéocalization is a 200 nm square. The samples were imaged
lower is the magnitude of the nonsynaptic labeling obtainéthw On an automated wide-eld uorescence microscope (Zeiss
that candidate antibody. Interpretation of this measuremwiil ~ Axiolmager Z1, Zeiss, Oberkochen, Germany) with a 63x Plan-
depend on the speci ¢ target; some synaptic proteins are aimoéochromat 1.4 NA oil objective. The resulting images are not
exclusively present at synapses (e.g., synapsin), whilesaher a ected by many of the commonly occurring optical aberrations
also found at extrasynaptic locations (e.g., glutamateptecg).  inherent to other immuno uorescence methods, becauseyarra
Therefore, the TSR re ects both the biological distributioh ~tomography imaged sections are only 70 nm thick and the
the target protein, and non-speci ¢ binding of the candidatehigh-NA objective is always used at its design condition & th
antibody, but when comparing two antibodies against thdmmediate contact of specimen and coverslip. While the exact
same antigen, dierences in TSR re ect dierences in theirsize of the datasets varies, their general structure is si@msi
speci city. Each dataset is composed of multichannel stacks of images fro

TSRD
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serial sections with (for the current data acquisition prat 1. Pairwise comparisonsComparing the performance of two
100 100 nm pixel size and 70 nm slice thickness. previously validated antibodies against the same synaptic
reference protein.
. . . 2. Concentration comparisonsComparing the performance of
3.2. Pr_'ma_ry Antibodies ) a single antibody at di erent concentrations.
The antibodies used for the experiments presented here arg Evaluating candidate monoclonal antibodiesComparing

listed in Table 1. Some of the antibodies used were tested in  he performance of multiple candidate antibodies against the
conjunction with screening of monoclonal antibody projeetts same synaptic target protein.

the UC Davis/NIH NeuroMab Facility, consistent with our goal

to facilitate testing of large panels of candidate antibsdiean The rstand second task validate the measurements proposed in
e cient and objective fashion. the framework and involve only antibodies previously vatéth

for array tomography. The third task evaluates the e cacy
) . in a “real world” application—characterizing multiple antibody
3.3. Computational Analysis candidates whose suitability for AT has not yet been deteeaj
The code and data used in this paper can be found at: https:dnd whose concentration is not known.
aksimhal.github.io/SynapseAnalysis/. The website cpstai
instructions on how to install and use the Synaptic Antibody

Characterization Tool, alongside an example dataset a @ser c4-2. Pairwise Comparisons . .
run right out of the box. When two e ective antibodies are available for use in a speci c

application, a common question is “which one is better?”
To answer this question, we created ve AT datasets, each

4. RESULTS with two previously validated antibodies used at concentretio
' ) previously determined to yield optimal immunolabeling. These
4.1. Framework Evaluation antibody pairs were evaluated alongside an antibody for a

The proposed synaptic antibody characterization and scregnindi erent synaptic target protein, thoroughly validated for AT
framework was evaluated via three dierent tasks. Each task prior studies (Vlicheva et al., 2010; Weiler et al., 2D1An
demonstrates an aspect of the framework necessary for tiatida example slice of each dataset is showiigure 6. The higher-
synaptic antibodies. scoring antibody was judged to be the one that had more

TABLE 1 | Antibodies used in this study.

Target protein Host Antibody source RRID"

Bassoon Mouse NeuroMab L124 project RRID:AB_2716712
Cav3.1 Mouse NeuroMab 75-206 RRID:AB_2069421
Cav3.1 Rabbit Synaptic Systems 152 503 RRID:AB_2619850
Collybistin Mouse NeuroMab L120 project RRID:AB_2650452
GAD2 Rabbit Cell Signaling 5843 RRID:AB_10835855
Gephyrin BD Mouse BD Biosciences 612632 RRID:AB_399669
Gephyrin Mouse NeuroMab L106 project RRID:AB_2617120

RRID:AB_617121
RRID:AB_2632414

GluAl Rabbit Millipore AB1504 RRID:AB_2113602
GluA2 Mouse Millipore MAB397 RRID:AB_2113875
GIuA3 Rabbit Abcam ab40845 RRID:AB_776310
Homerl Mouse NeuroMab L113 project RRID:AB_2629418
IRSp53 Mouse NeuroMab L117 project RRID:AB_2619741
GluN1 Mouse Millipore MAB363 RRID:AB_94946
PSD95 Mouse NeuroMab 75-028 RRID:AB_2292909
PSD95 Rabbit Cell Signaling 3450 RRID:AB_2292883
Synapsin Guinea pig Synaptic Systems 106 004 RRID:AB_110678
Synapsin Rabbit Cell Signaling 5297 RRID:AB_2616578
VGAT Mouse NeuroMab L118 project RRID:AB_2650550
VGIuT1 Guinea pig Millipore AB5905 RRID:AB_2301751
VGIuT1 Mouse NeuroMab 75-066 RRID:AB_2187693

*RRID: Research Resource Identi er. For the NeuroMab projects, the RR of the antibody nally selected is listed; this selection was based on othegr€tors in addition to the antibody
performance evaluated using the current method.
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FIGURE 6 | Pairwise comparison of immuno uorescence on single sectios from mouse brain. Each column represents an experiment whe two antibodies against
the same target protein (magenta) were evaluated by doublabeling with a reference antibody (green). The expert's wislly-based preference is marked for each
column. The sections are also labeled with the nuclear staiDAPI (blue). For each experiment, the two images are from theame section, except for the gephyrin
results, where immunolabeling with the two gephyrin antibdies was performed on different sections. The SACT measureemts for these images are shown in

Table 2. Eachimage is 16 18 m.

puncta associated with the reference antibody (i.e., label® In the case of gephyrin, both antibodies had similar TSR, but
synapses, true positives) and/or fewer puncta not associatélie expert-picked antibody had a higher target synapse density.
with the reference antibody (false positives). In a datasefhese results illustrate the importance of using complementary
comparing di erent PSD-95 antibodies, the PSD95R antibodyneasurements for antibody evaluation. The proposed framkwor
had more puncta adjacent to synapsin, without noticeably mor@rovides multiple objective computations, and the user can pick
synapsin-unrelated puncta, and was therefore evaluatedi&s be the most suitable one(s) for a given task.
performing than PSD95M. Cav3.1R had more puncta that are To evaluate the robustness of the framework, the same
not adjacent to VGIuT1, and also displayed nonspeci c lalgglin comparisons were performed using queries with smaller and
of the cell nucleus, and was therefore judged to perform worskarger minimum synapse size requirements (requiring puncta
than Cav3.1M. In the VGIuUT1 dataset, di erences between thé span only one slice vs three slices), as showirigure 7.
two antibodies were more subtle, as shown by the measuremerill queries gave consistent results for all ve antibody pair
of target synaptic density and target speci city ratio (3eble 2.  except for Query 1, which dened a synapse as spanning
For each dataset, the minimum expected marker size wamly one slice; in two out of the ve cases, Query 1
set at 0.2 0.2 0.14 m, corresponding to 2 pixels by failed to unequivocally identify the otherwise highest raup
2 pixels by 2 slices. Each dataset was also independendlytibody. Thus, the use of even limited three-dimensional
evaluated and ranked by an expert observer (KDM) blind tdnformation from immunolabeling on serial sections enable
the automatically computed results, based on visual examima robust quanti cation of antibody performance.
of the immunolabeling. Two measures, target synapse density This experiment illustrates the power and breadth of
and target speci city ratio, were used to rank the two candda the proposed method. The queries can be designed by the
antibodies Table 2. When the antibodies are used at theiruser to take into account resolution, synapse type, and
optimal concentration, a higher measured target synapseityensantibody binding target. Multiple queries can be run, and the
implies higher sensitivity of the antibody (since it detetiie  antibody performance can be objectively evaluated with iplelt
target protein at more synapses). A higher target speci citiora measurements.
(i.e., a higher proportion of detected immunolabeled puncta
that are associated with synapses) indicates higher sateatf ~ 4.3. Concentration Comparisons
the antibody for the protein of interest. The expert-preferredThe optimal concentration of an antibody, which is dependent
VGIuT1 and PSD-95 antibodies scored higher on both serisitiv on both its binding a nity for the target protein and the
(target synapse density) and speci city (TSR), while othesssst  abundance of the target protein in the particular sample,
higher on only one of these measures. For both Cav3.1 armiust be determined experimentally. Too high a concentration
synapsin, the higher-scoring antibodies had higher TSR buf the antibody will lead to high background labeling (false
gave target synapse densities comparable to the other agtibogbositives), while too low a concentration will lead to sparse
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TABLE 2 | Results from pairwise antibody comparisons.

Target protein Candidate Reference Punctum density Average punctum size / Target synapse Target speci city
antibodies antibody (mn3) standard deviation (pixels) density ( rrm3) ratio
Synapsin Synapsin GP PSD-95 2.01 15.9 59.4 0.55 0.275
Synapsin R 1.09 27.0/48.6 0.5 0.457
VGIuT1 VGIUT1GP Synapsin 1.54 12.1/ 30.2 0.44 0.283
VGIuT1M 1.27 11.0/ 22.4 0.33 0.257
PSD-95 PSD-95M Synapsin 0.95 10.7/101.7 0.54 0.568
PSD-95R 1.14 25.4/39.9 0.79 0.691
Gephyrin GephyrinL106 GAD 0.72 125/94.1 0.13 0.181
GephyrinBD 0.46 17.9/263.1 0.08 0.175
Cav 3.1l Cav3.1M VGIuT1 0.58 7.4114.0 0.33 0.568
Cav3.1R 1.22 8.6/52.3 0.33 0.271

Punctum density, average punctum size, and standard deviation of punctumize were all computed for each antibody tested. The names in bold in the second aaihn represent the
antibodies preferred by an expert based on visual examination. In eaatase, the measures automatically computed by the framework agree with thexpert observer's judgement.

FIGURE 7 | Impact of punctum size requirements on antibody comparisonsBlack dots represent the higher scoring antibody. Each scter plot shows the results of
the comparison of two candidate antibodies against the sameeference protein while varying the minimum synapse size gairements (queries numbered 1 through
4). The following are the minimum punctum size for the four qaries. Query 1 (blue): candidate antibody—0.2 0.2 0.07 m,

reference antibody—0.2 0.2 0.07 m. Query 2 (orange): candidate antibody—0.2 0.2 0.14 m, reference antibody—0.2 0.2 0.07 m. Query 3 (green):
candidate antibody—0.2 0.2 0.14 m, reference antibody—0.2 0.2 0.14 m. Query 4 (red): candidate antibody—0.2 0.2 0.21 m, reference
antibody—0.2 0.2 0.07 m. All queries gave consistent results for all ve antibody pes, except for Query 1 (see text for details). A TSR value ofggater than one is
an artifact of thresholding incorrectly splitting a punctm into two, it is remedied with simple morphological operatins.

labeling (false negatives). The proposed framework quasiti eof synapses on adjacent slices (the proposed algorithm can
the e ects of antibody concentration on immunolabeling of be easily adapted to challenges in the data by changing the
AT sections, as evaluated by the target synapse density aqdery).

target speci city ratio measures. As the antibody conceidra The rst dataset tested the e ect of a 10-fold change in
decreases, the target synapse density is also expectedcomcentration of an antibody against the general presynaptic
decrease. marker synapsin, imaged in conjunction with immunolabeling

For this experiment, datasets were generated from a serigs VGIuT1, a presynaptic marker of excitatory synapses. The
of dilutions, as shown inTable 3 and Figure 8 For each remaining datasets tested four sequential 5-fold coneiatn
dataset except GIuN1 the minimum expected punctum sizehanges on immunolabeling with di erent glutamate receptor
was 0.2 0.2 0.14 m, corresponding to 2 pixels by 2 antibodies, and were evaluated against immunolabelindn wit
pixels by 2 slices. The minimum punctum size for GluN1 wasantibodies for general presynaptic markers (synapsin) or nrarke
(0.2 0.2 0.07 m) due to inaccuracies in the alignment of glutamatergic synapses (VGIuT1). Synapsin, previously
of this dataset that caused inconsistencies in the positiondentied as a robust synaptic antibody for AT, performed
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TABLE 3 | Five antibodies evaluated at different concentrations.

Target protein Candidate antibodies Reference Punctum Density Average Punctum Size / Target Synapse Target
antibody (mn3) standard deviation (pixels) Density (nm3) speci city ratio
Synapsin SynCS 1:100 VGIuT1 1.23 41.6/133.6 0.84 0.68
SynCS 1:1000 1.31 35.9/95.9 0.83 0.63
GluAl GluR1 1:25 VGIuT1 0.62 7.9/51.8 0.12 0.19
GluR1 1:125 0.43 95/41.4 0.08 0.18
GluR1 1:625 0.18 19.3/180.9 0.05 0.27
GluR1 1:3125 0.13 38.7/1117.6 0.03 0.21
GluA2 GluR2 1:25 Synapsin 0.89 10.5/62.3 0.45 0.51
GluR2 1:125 0.46 13.9/29.5 0.30 0.66
GIuR2 1:625 0.27 15.5/85.8 0.17 0.64
GluR2 1:3125 0.23 15.9/103.8 0.13 0.57
GIuA3 GluR3 1:25 VGIuT1 1.99 6.5/11.8 0.42 0.21
GluR3 1:125 0.81 8.4/16.4 0.23 0.29
GIuR3 1:625 0.26 10.8/23.5 0.07 0.28
GIuR3 1:3125 0.17 20.6/154.1 0.05 0.26
GluN1 GIuN1 1:25 VGIuT1 1 37.2/1541.0 0.72 0.72
GIuN1 1:125 0.88 17.8/208.2 0.63 0.72
GIuN1 1:625 0.58 22.0/748.9 0.37 0.64
GIuN1 1:3125 0.64 9.8/545 0.39 0.62

In all experiments, a reference presynaptic antibody was included asioptimal concentration. The detected target synapse density decreases as the dibody concentration decreases.
For GluN1, the background noise model changed to a Rayleigh distributioio better suit that speci ¢ dataset. All other datasets used the a Gaussian modefor the background. See
Simhal et al. (2017)for a detailed discussion.

FIGURE 8 | Changes in target synapse density (in synapses per cubic miometers) and target speci city ratio as a function of antibdy concentration. Each plot
shows the target synapse density and target speci city raticat different concentrations of the same antibody.

equally well over the 10-fold concentration range as evatlia dilutions led to missing too many synapses without a subgant
by both the target synapse density and target speci city ratiamprovement in target speci city.

measurements. For each of the glutamate receptor antibdties . .

measured target synapse density value decreased withsimgea 4-4. Automated Ranking of Candidate

dilutions, as expected, while the target speci city valuevebsd Monoclonal Antibodies

no consistent changes. Using the framework, we estimatad thThe generation of monoclonal antibodies begins with a
the optimal working range of the glutamate receptor antibsdie high-throughput screening procedure that identi es numesou
tested lies within a dilution range of 1:25 to 1:125; furthercandidate antibodies, all of which must then be further
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investigated. Since only a small fraction of these candidabverall none of the IRSp53 antibodies tested were performing
antibodies will exhibit robust and speci ¢ immunoreactiitn  su ciently well, because the TSR was extremely lewQ.03).
any given condition, it is important to screen as many cantida
antibodies as possible for a given application. While somé.4.2. What Is the Minimum Number of Reference
common antibody screens have been e ectively automated (e.g\ntibodies?
ELISA screens), screening on plastic sections from mammaliagihe previous experiments with pairwise or concentration
brain for antibodies that immunolabel specic populations comparisons were performed using only one reference antibody.
of synapses must still be performed and analyzed manuallp those cases, the tested antibodies were already known to
by an expert observer, a dicult and labor-intensive processrecognize their target in plastic sections; it is therefossmnable
Reasoning that the framework proposed here might facilitaté0 assume that the combination of one reference synaptic
the analysis of large-scale screens on tissue sectiongsteel t antibody with one tested synaptic antibody will generateepge-
its performance by screening candidate monoclonal antiedi Speci ¢ data. To verify whether an additional reference otly
against synaptic target proteins generated at the UC Davis/NI#hay o er an advantage when screening new antibodies, two
NeuroMab facility. This procedure is especially challengin@f the datasets included both presynaptic and postsynaptic
because the concentration of antibody in hybridoma tissuéeference antibodies. In these two datasets, the perforenanc
culture supernatants is unknown, so immunolabeling mustof the query containing an additional reference antibodyswa
be performed at antibody concentrations that may dier for compared to the standard single reference antibody query used
di erent candidate antibodies, and these concentrationymat  in the previous experiments. In both cases, the results of the
be optimal. two queries were very similar (compdfgure 10with Figure 9),
Arrays from mouse neocortex were prepared usinguggesting thatinclusion of a second reference synaptibaut
standard AT methods. For each dataset, we imaged sectioigsuinnecessary for the purpose of screening large sets of @adid
immunolabeled with a set of candidate antibodies againet thantibodies.
same target protein. For each dataset, at least two antibodie ) o )
were applied: the candidate antibody raised against the targ-4-3. What Is the Optimal Minimum Punctum Size?
protein of interest and a validated reference antibody at itg he pairwise antibody comparison experiments showed that
optimal concentration. The ranking of candidate antibodiesthe results were not aected by the stringency of the query,
was determined based on two measurements provided by tifxCept in cases when the minimum puncta requirements were
framework: target synapse density and the target speci cit{®© permissive (smallest synapse size: labels present ore)l slic
ratio. The target speci city ratio was the deciding factomimost ' herefore, to screen multiple candidate antibodies, we gelyer
cases. Target synapse density was used to exclude candidgt@se queries of medium stringency, requiring the labelbeo
antibodies with unreasonably high values based on previoud€sent in two consecutive slices. This strategy worked very
biological knowledge: excitatory synapses are expectedvi® havell for candidate antibodies directed against abundanagyic
a density of 1 per m?3, and the inhibitory synapses a density Proteins (gephyrin, Homerl, IRSp53, VGAT, collybistin). In
of 0.15 per m? (Calverley and Jones, 1987; Schiiz and Paln§ontrast, the permissive query, which required the labelbeo
1989; Knott et al., 20)2Each dataset was blindly evaluated andPrésent on only one section, gave inconclusive results irt wfos
ranked by an expert observer, based on visual examination §i€se casesi{gure 11). The rstround of screening for Bassoon
the images. Screening of the Bassoon candidate antibodies viintibodies was an exception, because it yielded clearertsesul
performed in two rounds; the second round included only thosg/ith @ one-section query. This is likely due to the wide vaoias
candidates identi ed as best or unclear in the rst round.gge in concentration of the candidate antibodies present in issue
experiments addressed several questions: 1) Can the fratew&ulture supernatants used for screening, many of which meqlii
be used to correctly rank the performance of multiple candidat SUbsequent dilution, as performed in the second round ofttest
antibodies? 2) What is the minimum number of referenceln this second round with adjusted concentrations, the two-
antibodies required to accomplish this? and 3) What is thesection query performed well, as seen for the other abundant
optimal minimum punctum size needed? Six datasets, rangingynaptic target proteins. These experiments suggest thetietsis

from 4 to 19 di erent candidate antibodies each, were analyzed t© Start an antibody evaluation using a query that requires th
labels to be present in two sections. The top-ranking antibedie

4.4.1. Can the Framework Correctly Rank the based on such a query can then be selected and visually ex@min

Performance of Multiple Candidate Antibodies? by experts to con rm their performance.

Analysis of the six datasets demonstrated an excellent

correspondence between the framework's ranking and expeB. DISCUSSION

evaluation of candidate antibody performance. The resul¢s a

summarized inTable 4 and Figure 9. The computed measures The present report introduces an e ective framework for
not only allow the relative ranking of antibody performance,automated characterization and screening of antibodies\fa

but also give an indication of the absolute utility of an datly. The framework provides a number of automatically computed
For example, in the case of IRSp53, the two expert-preferrecharacteristics, such as target synapse density and target
antibodies were ranked higher by the SACT than the othespeci city ratio, that re ect the sensitivity and speci cityfo
antibodies. However, the SACT measurements indicated thanmunolabeling with a given antibody. Taken together, thes
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TABLE 4 | Summary of candidate antibody comparisons.

Target protein Reference Total no. of candidate No. of good candidates No. of good SACT false SACT false
antibodies antibodies tested chosen by expert candidates negatives positives
chosen by SACT

Gephyrin GAD 7 5 4 1 0
Homer PSD95 4 1 1 0 0
IRSP53 PSD-95, VGIuT1 12 2 2 0 0€1 unclear)
VGAT GAD 17 4 4 0 0 C2 unclear)
Collybistin GAD 19 6 6 0 1
Bassoon 1st exp.  Synapsin 19 4 4 0 0 C1 unclear)
Bassoon 2nd exp. VGIuT1, PSD-95 10 5 5 0 0

Multiple candidate antibodies against the target protein were ranked usinmeasurements from the proposed SACT. The candidate antibodies were independéy evaluated by visual
inspection of the immuno uorescence images. For each target proteinthe reference antibodies were chosen according to the known characterigs of synapses expressing the target
protein. Without an objective and automated tool to quantify antibody performace, all antibody evaluations are subjective (as is the standard today). Theufnework proposed in this
work is a rst step toward having synaptic antibody quanti cation be a routinepart of antibody evaluation.

FIGURE 9 | Comparison of multiple candidate antibodies. Each scatteplot shows the computed target synapse density and target spci city ratio of multiple
candidate antibodies, with the best-ranking candidates etled. Expert ranking is color-coded: green—best, orange-tnclear, red—fail. The outlier in the VGAT scatte
plot was not included in the best candidate antibodies seletion, because of the abnormally high synaptic density (0.7 gr m3 compared to target max density of
0.15 per m3). Screening of the Bassoon project was performed in 2 roundsthe candidate antibodies identi ed as best or unclear in therst round were screened
again with adjusted concentrations.

FIGURE 10 | Comparison of multiple candidate antibodies using two refence synaptic antibodies.Left: Bassoon with PSD-95 and VGIuT1Right: IRSp53 with
PSD-95 and VGIuT1. Expert ranking is color coded: green—bésorange—unclear, red—fail. Compare wittFigure 9.

computed characteristics provide an objective way to charezet  of promising antibodies for further evaluation, which indies
and compare the performance of di erent antibodies against thassays in knockout mouse and other relevant contr@si(g
same target, simplifying the process for selecting antitsobdéest et al., 2015

suited for AT. When evaluating multiple candidate antibalie The Synaptic Antibody Characterization Tool (SACT, the
this represents an e cient method to identify a small number implementation of the framework) is designed to be a exible
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FIGURE 11 | Comparison of multiple candidate antibodies. These plots@mpare multiple candidate antibodies using an alternativguery requiring the puncta to be
present on only 1 slice, instead of 2 as irFigure 9. Each scatter plot shows the target synapse density and taret speci city ratio of multiple candidate antibodies
against the same target protein. Expert ranking is color coed: green—best, orange—unclear, red—fail. In many of theseases (gephyrin, VGAT, collybistin), the more
permissive 1-slice query does not allow correct selection fothe best performing candidate antibodies.

tool for antibody screening. Because it is query-basedlatva measures for some antibody pairs were ambiguous. The present
the user to de ne the molecular composition and size of synapseapproach accommodates variations in antibody concentration
expected to contain the antigen. This exibility is advareags as demonstrated by the experiments with multiple candidate
for synaptic antibody screening because the query can antibodies from monoclonal antibody projects, which showed
designed to focus on di erent synapse subtypes, depending am high correlation between the ranking by algorithm and by
prior biological knowledge (e.g., what combinations of pioge expert evaluation of candidate antibody performance in al si
are likely to be present, and where the antibody target islatasets, even though the concentration of antibodies i th
expected to be located). Its inherent exibility should a&llo hybridoma tissue culture supernatants used for screening was
this approach to be used also to validate antibodies that targenknown and intrinsically variable. This insensitivity tatidbody
other subcellular structures, ranging from the nodes of Ran concentration is very important in practice when evaluating
on myelinated axons, to mitochondria, to histone markersmultiple antibodies; by eliminating the need for immunoldibg
in the nucleus. The method works with a wide selection ofwith series of antibody dilutions, it substantially redscthe
reference antibodies, which need not colocalize with tiste® amount of work involved.
antibody. For example, antibodies to gephyrin and collyhisti  There are some limitations to the use of the proposed
both postsynaptic proteins, were evaluated using the presynapframework for antibody validation. This is not a stand-
marker GAD as reference. The exibility in reference antlyo alone tool for generic antibody validation; it is designed
selection enables users to optimize the use of their availablo specically address the performance of the antibody for
antibody stocks. With further practical experience we apité  immuno uorescence AT, and must be used along with other
that a restricted group of well-characterized antibodigh ke  tests and controls. For example, SACT does not test for cross-
adopted as controls for each target category. reactivity with other proteins. A second limitation is thatish
Our experiments demonstrate that SACT provides a robusapproach requires prior knowledge of the expected distribution
method for antibody screening, ranking antibodies based ownf the antigen (or some other characteristic to use for refeeg,
quantitative measures of their performance. In the pairwis@specially if it is found only in a small population of synapses. |
comparisons of antibodies, there was 100% agreement betwesrch cases it will be important to ensure that the tissue sample
the expert ranking and the automated antibody ranking basedsed for immunolabeling contains such synapses at a reaonab
on target synapse density and target selectivity ratio.afmms density and/or includes a reference marker to independently
in the size requirement did not aect the ranking, as longidentify this population.
as synapse detection was based on more than one slice. EverA number of technical issues can interfere with performance.
when a synapse was required to be present on only one slideoper alignment of the sections in the imaged series is
performance was only modestly degraded, such that the outcomequired to ensure that position of synapses is consistent on
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adjacent sections. In one of the concentration compariso®ATA AVAILABILITY STATEMENT
experiments with GluN1, inaccuracies in the alignment led to
poor performance of the algorithm when using the standard sizé he code and data used in this paper can be found here: https:/
requirement of a synapse to be present on at least two consecutigksimhal.github.io/SynapseAnalysis/.
sections. Inthis case, a one-slice size requirement wasssfally
used, but we show that this approach will not always workETHICS STATEMENT
To fully bene t from the advantages of using three-dimemsib
information from multiple serial slices, one must ensuretttiee Al procedures related to the care and treatment of animalsewer
datasets are well aligned. Another technical issue to denss  approved by the Administrative Panel on Laboratory Animal
possible bleed-through during the uorescent imaging, whic Care at Stanford University.
can cause the false impression of colocalization between the
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particularly important because the nature of synaptic procegsi the e ort. AS, RW, GS, and KM wrote the core of the paper with
is still poorly understood, and many basic questions remaincontributions from all authors.
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